The present study characterized the fluid and electrolyte shifts that occur in Standardbred racehorses during recovery from high-intensity exercise. Jugular venous blood was sampled from 13 Standardbreds in racing condition, at rest and for 2 h following a high-intensity training workout. Total body water (TBW), extracellular fluid volume (ECFV) and plasma volume (PV) were measured at rest using indicator dilution techniques (D 2 O, thiocyanate and Evans Blue, respectively). Changes in TBW were assessed from measures of body mass, and changes in PV and ECFV were calculated from changes in plasma protein concentration. Exercise resulted in a 26.9% decrease in PV. At 10 min of recovery TBW and ECFV were decreased by 2.2% and 16.5% respectively, while intracellular fluid volume was increased by 7.1%. There was a continued loss of fluid due to sweating throughout the recovery period such that TBW was decreased by 3.9% at 90 min of recovery. This decrease in TBW was nearly equally partitioned between the extracellular and intracellular fluid compartments. Plasma Na þ and Cl 2 contents were decreased at 1 min of recovery, but not different from rest by 40 min of recovery. Plasma K þ content at 1 min post exercise was not different from the pre-exercise value; however, by 5 min of recovery K þ content was significantly decreased and it remained decreased throughout the recovery period. It is concluded that there are very rapid and large fluid and electrolyte shifts between body compartments during and after high-intensity exercise, and that full recovery of these shifts requires 90-120 min.
Introduction
The magnitude and time course of inter-compartmental fluid shifts during exercise and recovery is not well understood in humans or horses. There appear to be differences related to exercise duration, exercise intensity, species and ambient conditions. In horses and humans, exercise can result in significant decreases in total body water (TBW), since sweating is the principal means of thermoregulation 1 . The contributions of the intracellular fluid (ICF) and extracellular fluid (ECF) compartments to the TBW loss from exercise have not been well studied in mammals. To date, only one study has directly measured and described the simultaneous ECF, ICF and TBW responses to exercise in horses 2 . It was determined that prolonged, submaximal exercise in horses resulted in a 4% decrease in TBW that was borne entirely by the ECF compartment, while whole-body intracellular fluid volume (ICFV) was maintained. Others have measured and reported the exerciserelated fluid shifts in humans [3] [4] [5] and rats 6 . The results are variable, with the ICF compartment contributing 23-94% of the TBW loss, depending on the exercise protocol and species studied, with the remainder being borne by the ECF compartment.
The whole-body ICF compartment may be functionally divided into two sub-compartments, one within the contracting skeletal muscle cells and the second within all other cells including non-contracting skeletal muscle 7, 8 . Within contracting skeletal muscle, a rapid increase in intracellular osmolarity occurs, resulting in a net inward movement of fluid 7, 9 . Thus the ICFV of contracting skeletal muscle increases during exercise 9, 10 . At the same time, the net release of osmolytes from contracting muscles into the vasculature results in an increase in plasma osmolarity, which in turn causes a net loss of ICF from non-contracting muscle and other tissues that partially replaces fluid lost from the ECF compartment 7, 9 . Therefore, the change in whole-body ICFV with exercise represents the balance between the increases in ICFV within contracting skeletal muscle and the decreases in ICFV within noncontracting tissues. Upon cessation of exercise, and in the absence of drinking and eating, there are initial rapid inter-compartmental fluid shifts. Once these shifts have abated, the net losses of ICFV and extracellular fluid volume (ECFV) are approximate to the loss of TBW due to sweating 4 and respiratory water losses. It is estimated that in horses 8.0-17.5% of the exercise-induced decrease in TBW is due to respiratory water losses 11 , depending on exercise intensity and duration.
The previous studies of inter-compartmental fluid shifts in horses, humans and rats only involved submaximal, moderate-intensity exercise. Thus far there have been no studies investigating the time courses of simultaneous compartmental fluid shifts that occur in horses during short-duration, high-intensity exercise and recovery. Therefore, the primary purpose of the present study was to characterize the inter-compartmental fluid and electrolyte shifts that occur in Standardbred racehorses during recovery from high-intensity exercise. Based on the research of Lindinger et al. 2 in horses performing prolonged, submaximal-intensity exercise, the present study tested the hypothesis that high-intensity exercise will result in a loss of TBW that is borne entirely by the ECF compartment, while ICFV is maintained.
Methods

Animals
This study took place over a period of 5 weeks in late October and November. Thirteen Standardbred racehorses in racing condition were used (Table 1) . Horses were fed a diet consisting of mixed grass hay twice daily, and grain three times daily (Phase Three pellets; Kentucky Equine Research Inc., Versailles, KY), with free access to water. Horses were housed in individual box stalls, and trained 5-6 days per week with occasional turnout in grassy paddocks. The animal care and use procedures were approved by the University of Guelph Animal Care Committee and performed in accordance with the guidelines of the Canadian Council on Animal Care.
Horses were fed at 18.00 (three flakes of hay and 2 kg of grain) on the evening prior to the start of the experiment, and were fed 2 kg of grain at 06.00 on the day of the experiment. Blood sampling commenced at , 08.00, and no food or water was provided from 07.00 until the end of the sampling period (approximately 12.30). Body mass was measured with a large-animal scale (0.5 kg KSL Scales, Kitchener, ON, Canada).
The hair coat over the jugular vein, 10-20 cm below the mandible, was clipped short to the skin on both sides of the neck. Each jugular vein catheterization site was aseptically prepared for insertion of catheters. A topical anaesthetic, EMLA cream (2.5% lidocaine and 2.5% prilocaine; Astra Pharma, Mississauga, ON, Canada), was applied 25-30 min before insertion of catheters to desensitize the skin. Local anaesthetic (2% Xylocaine; Astra Pharma) was injected subcutaneously to complete the anaesthesia. Catheters (14-gauge, 5.25 in; Angiocath, Becton-Dickinson, Mississauga, ON, Canada) were inserted anterograde into the left and right jugular veins, and secured Indicator infusion and sampling Fluid volumes were measured using indicator dilution techniques as described previously 12 . At , 08.00, after an initial baseline blood sample was taken, the prepared indicator solutions were injected into the right jugular vein catheter in sequence (Evans Blue, 10 ml; D 2 O, 25 ml; NaSCN, 60 ml) over a period of 3-4 min. Deuterium oxide (Sigma Chemical Co., St. Louis, MO), for measuring TBW, was infused as a 50% w/v solution with 0.9% sterile saline for a total volume of , 25 ml per horse. Sodium thiocyanate, for measuring ECFV, was infused at 2.2 mg kg 21 body mass as a 5% w/v solution in 0.9% sterile saline for a total volume of , 60 ml. Evans Blue (Fisher Scientific, Nepean, ON, Canada), for measuring PV, was infused at 0.11 mg kg 21 body mass as a 5% w/v solution with sterile 0.9% saline. Sterility of the infusates was achieved using a non-pyrogenic, sterile, 0.22 mm nylon filter (Millex-Ap/Gs Filter, Millipore SA, Mosheim, France) placed between the syringe and extension tubing. Immediately following the final infusion the catheter tubing was flushed with 50 ml of sterile 0.9% saline. After clearing the line of saline, 7 ml of blood was sampled from the left catheter and immediately dispensed into a 7 ml Vacutainer tube containing lithium heparin as anticoagulant (Becton Dickinson). Samples were also obtained at 10, 20, 30, 45, 60 and 90 min after infusion to determine TBW, ECFV and PV at rest.
Exercise and recovery
At , 10.00, the horses participated in their usual race training workouts. The exercise protocol was performed on a 0.5 mile oval racetrack with raked stone dust footing, and occurred in two phases. The first phase consisted of 1 mile of walking, 2.5 miles of jogging at submaximal intensity, 1 mile of maximumintensity running and 1 mile of submaximal-intensity jogging again. The horse was then allowed to rest tied in its stall for , 45 min before the second phase commenced. There was no access to food or water at any time. The second phase of the workout consisted of a 1 mile walk, a 1 mile jog and a 1 mile maximum-intensity run. Following the end of the final intensive run of approximately 2 min duration, the horses were immediately pulled up and a 1 min recovery blood sample was obtained. The horses were then allowed to walk for another 5-10 min, during which sampling continued at intervals of 5, 10, 20, 40, 60, 90 and 120 min post exercise. Ambient temperature for the exercise and recovery periods ranged from 9 to 118C for the first nine horses studied, and 4-58C for the last four horses studied.
Blood analysis
Each blood sample was immediately analysed for haematocrit (Hct) and plasma ion and metabolite concentrations using a Nova Stat Profile 9 þ (NOVA Biomedical, Waltham, MA). Blood was then transferred into two 1.5 ml Eppendorf centrifuge tubes and centrifuged for 5 min at 15 000 g to separate the plasma, which was transferred into Eppendorf centrifuge tubes and stored at 2 808C until analysed for Evans Blue, NaSCN and D 2 O. Plasma protein concentration was determined (coefficient of variation (CV) 0.83%) by using refractometry (clinical refractometer model SPR-T2; Atago, Tokyo, Japan). Plasma was analysed for Evans Blue concentration (CV 1.3%) via the dualwavelength method 13 by use of a spectrophotometer (DU-70; Beckman, Mississauga, ON, Canada). Plasma NaSCN concentration was measured (CV 2.1%) spectrophotometrically by a microvolume modification 12 of the method described by Chatterjee et al.
14 . Analysis of plasma D 2 O concentration (CV 1.1%) was performed by Metabolic Solutions (Nashua, NH).
Calculations TBW at rest was calculated from plasma D 2 O concentrations as described previously 12 . TBW at the end of exercise (10 min of recovery) and at 90 min of recovery were calculated from the decrease in body mass after faecal and urinary losses were accounted for (by subsequent re-weighing), such that:
where TBW i and TBW t are initial total body water and total body water at time t, respectively; BM i and BM t are initial body mass and body mass at time t, respectively; M urine is mass of urine lost and M faeces is mass of faeces lost. M faeces was determined by collection and weighing of all faecal output during the course of the study. M urine was determined by weighing the horses immediately before and after they were prompted to void in their stalls.
PV before exercise was calculated using Evans Blue indicator dilution as described previously 15 . The changes in PV were calculated from plasma protein concentration as:
where P 0 and P t are plasma [protein] at time 0 and time t, respectively. PV at time t was calculated from the changes in PV, such that:
ECFV at time t was calculated from ECFV at time 0 and the changes in PV, such that:
ICFV was calculated as the difference between TBW and ECFV.
Plasma ion contents were calculated as the product of measured concentration (mmol l 21 of plasma) and PV (l).
Plasma osmolality was calculated from an equation from Brownlow and Hutchins 16 , to which a [lactate] term was added, such that:
Statistics Data are presented as mean^standard error. Changes over time were assessed by one-way repeatedmeasures analysis of variance. When a significant F-ratio was obtained, means were compared using the all pairwise multiple comparison procedure of Holm-Sidak. Statistical significance was accepted when P # 0.05 at a power of 0.8.
Results
The general characteristics and fluid volumes of the horses at rest are given in Table 1 . TBW was decreased by 0.014^0.001 l kg 21 (2.2%) from pre-exercise at 10 min recovery (Fig. 1a) . The ECFV was decreased by 0.042^0.002 l kg 21 at 10 min of recovery (Fig. 1b) , and therefore ICFV at 10 min of recovery was increased by 0.028^0.002 l kg 21 (Fig. 1c ). There was a continued loss of fluid through sweating during recovery such that TBW was decreased by 0.025^0.001 l kg 21 (3.9%) by 90 min of recovery. There was a slow partial restoration of ECFV throughout recovery; however, at 90 min of recovery ECFV remained 0.011^0.002 l kg 21 lower than pre-exercise. In contrast, the ICFV decreased during recovery, such that by 90 min of recovery, ICFV was 0.011^0.001 l kg 21 lower than pre-exercise and 0.039^0.001 l kg 21 lower than at 10 min of recovery. Thus, at 90 min of recovery, the decrease in TBW was nearly equally partitioned between the ICF (, 50%) and ECF (, 50%) compartments.
PV was decreased by 0.012^0.0 l kg 21 (27.5%) at 1 min of recovery (Fig. 2 ). There was a rapid partial restoration of PV during the first 20 min post exercise; however, both PV and ECFV remained significantly lower than pre-exercise during the entire 2 h recovery period.
Hct ( values by 1 h of recovery. However, between 1 and 2 h of recovery plasma [protein] began to increase, and by 2 h it was once again significantly higher than pre-exercise.
Plasma ion content represents all of the ions present within the plasma compartment. Plasma Na þ (Fig. 3 ) and Cl 2 contents (Fig. 4) were both maximally decreased following exercise and remained decreased for 20-40 min of recovery. There were rapid increases in Na þ and Cl 2 content during the initial recovery period, such that plasma Na þ and Cl 2 contents were not different from pre-exercise by 40 and 60 min of recovery, respectively. There was an additional loss of Cl 2 content between 1.5 and 2 h of recovery, however, that resulted in a plasma Cl 2 content significantly lower than pre-exercise at the end of the sampling period. Plasma [Na þ ] was significantly increased from immediately post exercise until 40 min of recovery. Plasma [Cl 2 ] did not change in response to exercise but decreased gradually throughout recovery, and remained significantly lower than at rest from 1 h of recovery until the end of sampling.
Plasma K þ content (Fig. 5 ) at 1 min post exercise was not different from pre-exercise; however, by the next sampling point (5 min of recovery) K þ content was significantly lower than pre-exercise, and remained lower throughout the remainder of the recovery period. Plasma [K þ ] was significantly increased from rest until 10 min of recovery, but was significantly decreased from rest by 40 min and for the remainder of sampling.
Plasma [lactate] ( Hct -haematocrit; PP -plasma protein; Osm -plasma osmolality.
Values are mean^standard error for 13 horses.
* Significantly different from the 90 min (pre-exercise) time point.
1 min of recovery, and remained significantly increased until 90 min of recovery. Plasma osmolality (Table 2 ) was increased by 37.5 mOsm kg 21 from rest at 1 min of recovery, and remained significantly increased until 90 min of recovery.
Discussion
This study appears to be the first to have detailed the time course of changes in fluid and electrolytes that occur in multiple body fluid compartments in trained Standardbred racehorses recovering from high-intensity exercise. Immediately at the end of high-intensity exercise the decrease in ECFV was greater than the decrease in TBW, indicative of a net shift of fluid into the ICF compartment. As recovery continued, TBW continued to decrease. By 90 min of recovery the initial exercise-related fluid shifts had abated and the loss of TBW was equally partitioned between the ICF and ECF compartments, indicative of a redistribution of fluid between the ICF and ECF. Analysis of plasma compartment ion contents indicated significant losses of Na þ and K þ .
Limitations
The indicator dilution techniques cannot be used to measure the time course of PV, ECFV and TBW in exercising horses because, during exercise, the changes in their plasma concentrations are disproportionate to the plasma volume decrease 2, 17 . We also saw no increase in the plasma concentrations of these indicators immediately following exercise (data not shown), consistent with submaximal exercise in horses 2 . It appears that Evans Blue and thiocyanate cannot be used to assess changes due to exercise because their non-specific binding to substrate within the body is accelerated during periods of increased cardiovascular activity, while distribution of D 2 O is also altered and rapidly appears in sweat (Lindinger MI, unpublished) .
In the present study, TBW losses after exercise were calculated using changes in body mass after accounting for faecal and urine losses. Body mass changes have been described as a reliable method to follow TBW losses in exercising horses 18 and humans 19 . Inaccuracies associated with this method of determining TBW include precision of the large animal scale (^0.5 kg) and the presence of some sweat remaining in the hair coat; when the horses were weighed at 10 min of recovery, there was still some sweat remaining in the hair coat. The latter would tend to cause underestimation of fluid losses by up to 0.5 l, i.e. within margin of error for the scale. By the final weigh point at 90 min of recovery, however, the horses were completely dry. The margin of error with the scale represents only a possible error of approximately^7% of calculated TBW loss.
The changes in PV during recovery were similar to those seen previously 15, 20 . A key assumption in calculating the changes in PV and ECFV using plasma protein concentration is that there is no net gain or loss of protein by the vascular compartment during exercise and recovery. However, there is mounting indirect evidence that a net gain of protein by the vascular compartment may occur during exercise and the initial recovery period 21, 22 . If this assumption is incorrect and there was a net gain of protein from the lymph, then the exercise-induced decreases in PV and ECFV were overestimated by an amount proportionate to the protein gain. There is also the possibility of a loss of protein from the vascular compartment during exercise 23, 24 , in which case the decrease in PV would have been underestimated. In any case, it does not appear that net protein gain or loss is substantial in the time frame of the present study, because the decrease in PV, which was calculated from the changes in plasma [protein] , accounted for 45.9% of the rise in Hct with exercise (similar to that observed by Lindinger et al. 20 and McKeever et al. 25 ). A greater decrease in PV would have further negated the effect of splenic discharge of erythrocytes on the exercise-induced increase in Hct, which is unlikely. At the present time there is no evidence to support a net protein gain or loss from the vascular compartment; however, it is inconceivable how the plasma compartment could retain protein that may flow from interstitial compartments, and the time course is too rapid for de novo protein synthesis of additional protein. Therefore, with short-duration, high-intensity exercise it is likely that changes in PV can be reasonably accurately estimated from changes in plasma [protein] 15 .
Compartmental fluid shifts
The body fluid compartment volumes of the horses at rest, prior to exercise, were similar to those reported previously (see Forro et al. 12 for a literature summary). There was no eating and drinking during the entire study period and thus the 120 min recovery period represents a true exercise recovery response. The compartmental fluid shift results of the present study of high-intensity exercise in racehorses contrast with those of prolonged, moderate-intensity exercise in research horses 2 . The latter study found that when horses performed 75-120 min of submaximal exercise, the entire 4% decrease in TBW was due to a decrease in ECFV, such that there was no change in whole-body ICFV during exercise. Also in the latter study, ECFV continued to decrease for the first hour of recovery, and remained significantly decreased at 90 min of recovery. Whole-body ICFV increased for the first 30 min of recovery, and remained significantly higher than pre-exercise at 90 min of recovery; thus the decrease in TBW at 90 min of recovery was entirely due to the decrease in ECFV. These responses contrast with other studies of submaximal exercise performed in humans [3] [4] [5] and rats 6 , which have reported that the ICF compartment contributes 23-94% of the TBW loss, with the remainder being borne by the ECF compartment. The present study bears similarity to the previous studies in humans and rats in that the decrease in TBW at 90 min of recovery, when the horses were probably in steady state with respect to fluid and ion shifts, was nearly equally partitioned between the ICF and ECF compartments. It is important to note that at 10 min of recovery the horses were not in a steady state, and that rapid inter-compartmental fluid shifts were occurring.
ECFV was lowest immediately following exercise and, although there was partial restoration of ECFV during the first 60 min of recovery, ECFV remained significantly lower than at rest for the entire recovery period. On the other hand, ICFV was significantly increased from pre-exercise at 10 min of recovery, but decreased throughout recovery and was significantly lower than resting values by 90 min post exercise. TBW and therefore ICFV could not be directly measured immediately after exercise; however, any decrease in TBW during the first 10 min of recovery would be due to continued sweating and is probably a small component of the total loss. Therefore, since ECFV was lowest immediately after exercise and increased during recovery, it appears that whole-body ICFV was increased during exercise and gradually decreased throughout recovery. An increased mass of contracting skeletal muscle as a proportion of total body mass in horses compared with humans may explain the apparent ability of horses to maintain or even increase ICFV during exercise. In humans performing two-legged exercise, less than 20% of body mass consists of contracting skeletal muscle 26 . In contrast, in the exercising horse, contracting skeletal muscle comprises approximately 40% of body mass 27 , a mass that may exceed that of non-contracting tissues. The contracting muscles swell during exercise due to the increase in intracellular osmolarity. Since the exercise in the present study was of very high intensity, there was probably a very high proportion of contracting muscle mass and large increases in intracellular osmolarity. Thus there would only be a small proportion of noncontracting tissues from which to lose fluid. Therefore the net effect of exercise was a large decrease in ECFV which fully accounted for both the decrease in TBW and the increase in ICFV. This is in contrast to Lindinger et al.
2
, who saw a decrease in ECFV during exercise, but no change in whole-body ICFV, probably due to the lower exercise intensity employed.
A note of interest in the present study is the fact that, although the two exercise bouts were of relatively short duration, the 3.9% TBW loss by 90 min of recovery was almost identical to the 4% decrease seen by Lindinger et al.
2 after 75-120 min of prolonged, submaximal exercise. This indicates that high-intensity exercise causes significant fluid losses, even if it is performed for a short period of time. In our study, although the weather was cool with an average temperature of 108C, noticeable sweating continued during the break between exercise bouts, as well as during the first 40 min of recovery. It was customary for the horses to be blanketed between and after the exercise bouts which, visually, contributed to prolonged sweating post exercise.
Water content of the gastrointestinal tract
The contribution of water within the gastrointestinal (GI) tract to the changes in ECFV could not be quantified in the present study. It has been estimated that water in the GI tract may constitute 15-20% of TBW 17 , which, in the present study, would be up to 0.130 l kg 21 of body mass. During feeding and postprandially, there is bi-directional flow of water and electrolytes between the blood and GI tract 28 . Coenen proposed that the GI tract may act as a temporary reserve for fluid and electrolytes, based on observations that the water content of the GI tract decreased by , 25% during 1 h of submaximal exercise in ponies 17 . In the present study, this would constitute a water loss of 0.033 l kg 21 . Thus it is possible that TBW was defended by fluid movement from the GI tract. However, for this to occur there must be a GI tract to blood osmotic driving force. While osmolarity was not measured, the increases in plasma concentrations of the various ions represent an estimated increase in plasma osmolarity of approximately 30 mOsm kg 21 , which should be a sufficient osmotic driving force for moving several litres of water. A large contribution of GI tract fluid to defending TBW in the present study is unlikely however, because the decreases in PV, and by inference the entire non-GI tract ECFV, were appreciable. As well, the entire TBW loss in our study (0.025 l kg 21 by 90 min recovery) can be almost fully accounted for by losses in ECFV (0.011 l kg 21 ) and ICFV (0.011 l kg 21 ). In order to report a true exercise recovery response, the horses in the present study were not provided with any water for the duration of sampling (, 5.5 h), so that determination of fluid volumes and electrolyte concentrations was not complicated by ingested water in the GI tract. Although this is not a typical training practice, it is not a markedly different situation from what typically occurs with racing Standardbreds. The horses used in the present study are normally fed lightly before shipping to the track for arrival 5 h before a race. They are put through a warm-up of two short, fairly high-intensity breezes within 45-60 min of each other and of the race. It is typical for the horses to voluntarily consume very little or no water while waiting in the stabling area before the race, and not to eat or drink until return to their farm. Therefore the present design closely mimics race situations in which racing Standardbreds recover from high-intensity exercise with little or no water consumption. A description and understanding of this recovery process is valuable to start designing strategies to improve post-race recovery.
Electrolyte shifts
It is well established that there are substantial changes in the plasma concentrations of electrolytes, lactate and protein during high-intensity exercise in horses 29, 30 and humans 31 . Plasma ion content represents the net effect of simultaneous water and ion movements between primarily vascular and non-vascular compartments, and secondarily plasma and blood cells. The plasma contents of both Na þ and Cl 2 were significantly decreased from pre-exercise at 1 min of recovery, which suggests that these ions moved together with water from the ECF compartment to the contracting muscle ICF during the exercise period. This is not to say that water, Na þ and Cl 2 flux were mechanistically linked, since ion movements are determined by electrochemical gradients between fluid compartments, while water movement is governed by osmotic gradients. A role for increased blood pressure forcing a plasma filtrate through the capillary endothelium appears to be minor compared with ionic and osmotic driving forces 7 . The decrease in Na þ and Cl 2 during high-intensity exercise may be explained by their net flux into erythrocytes 30, 32 and muscle cells 33 . During the first 30-60 min post exercise there were rapid, near linear increases in plasma Na þ and Cl 2 contents, consistent with return of these ions to the ECF compartment from muscle recovering from contraction. Increased activities of muscle Na þ /K þ -ATPase 34 , and KCl cotransporter activity to reduce cellular volume 35 , are probable explanations for these recovery electrolyte shifts.
It is well established that K þ is released from contracting muscle into the ECF, and that the increase in plasma K þ concentration due to net K þ loss from muscle and net water loss from plasma is related to exercise intensity (see Harris and Snow 36 ). When blood is sampled at the end of high-intensity exercise, but before the exercise has stopped, calculated plasma K þ contents are significantly increased in horses 37 and humans 31 . In the present study, K þ content was not different from pre-exercise at 1 min of recovery. This absence of a decrease at 1 min post exercise, and the very rapid decrease in plasma K þ content immediately following, can be explained by the high rates of Na þ / K þ -ATPase activity in previously contracting muscles during initial recovery 38 , as a result of high concentrations of circulating catecholamines and increases in intramuscular [Na þ ] 39 . Therefore the low plasma K þ contents seen during the initial 30 min of non steady-state recovery in the present study represent net K þ uptake by erythrocytes 30 and skeletal muscle 31, 40 . It is also possible that sweat K þ losses resulted in a deficit of K þ . In the present study, approximately 12 l of TBW was lost. Hodgson et al. 41 determined that, in their exercising horses, with a total fluid loss of , 12 l, 9.9 l would be due to sweat losses. In the present study, based on a sweat loss of approximately 9.9 l, and using a value of 26.2 mmol l 21 for sweat [K þ ] 42 , this would result in a total loss of , 260 mmol of K þ , which is roughly 3.5 times the resting plasma K þ content. Therefore, although the exercise in the present study was of high intensity and short duration, K þ sweat losses probably contributed to a , 1.4 mmol l 21 decrease in ICF [K þ ] during recovery. The inter-compartmental ion shifts demonstrated in the present study probably resulted in osmotic gradients between ICF and ECF compartments that governed water movement 7, 43 . Plasma osmolality is an indication of the osmotic pressure of plasma, and is dependent on the amount of solutes and water present 16 . In the present study, plasma osmolality was estimated to be increased by approximately 37 mOsmol kg 21 at 1 min of recovery. Therefore, given the decreased ECFV and increased ICFV following exercise in the present study, muscle osmolality was probably increased to a much greater extent. Schuback and Essen-Gustavsson 44 found that, in Standardbred trotters performing , 5 min of incremental maximal exercise, muscle osmolality was increased by approximately 160 mOsmol kg 21 immediately after exercise. Peak plasma [lactate] in the Schuback and Essen-Gustavsson 44 study (27 mmol l 21 ) was somewhat higher than in the present study (22 mmol l 21 ); therefore muscle osmolality might not have increased to as great an extent in the present study. However, given the high intensity of exercise and the magnitude of fluid shift into the ICF compartment in the present study, muscle osmolality was probably substantially increased.
Summary and conclusions
Immediately after high-intensity exercise there was a decrease in ECFV that exceeded the decrease in TBW, such that whole-body ICFV was increased. This was attributed to an elevated ICFV of contracting skeletal muscle during exercise, while that of non-contracting tissues was probably decreased. There was a continued loss of TBW and redistribution of ECF and ICF throughout the recovery period such that the decrease in TBW at 90 min post exercise was nearly equally partitioned to the ICF and ECF compartments. Exercise also induced significant water, Na þ and Cl 2 shifts out of the plasma compartment, such that Na þ and Cl 2 contents were decreased at the end of exercise, but had recovered by 40 min post exercise. Plasma K þ content immediately after exercise was not different from resting values, but was significantly decreased by 5 min post exercise and for the remainder of the recovery period. The present study has characterized the rapid and large fluid and electrolyte shifts between body compartments during and after high-intensity exercise in trained Standardbred racehorses, and demonstrated that full recovery of these shifts requires 90-120 min.
